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Abstract—Composites of lead zirconate titanate (PZT)
powder dispersed in a vinylidene ﬂuoride-triﬂuoroethylene
copolymer [P(VDF-TrFE)] matrix have been prepared by
compression molding. Three groups of polarized samples
have been prepared by poling: only the ceramic phase, the
ceramic and polymer phases in parallel directions, and the
two phases in antiparallel directions. The measured permit-
tivities of the unpoled composites are consistent with the
predictions of the Bruggeman model. The changes in the
pyroelectric and piezoelectric coeﬃcients of the poled com-
posites with increasing ceramic volume fraction can be de-
scribed by modiﬁed linear mixture rules. When the ceramic
and copolymer phases are poled in the same direction, their
pyroelectric activities reinforce while their piezoelectric ac-
tivities partially cancel. However, when the ceramic and
copolymer phases are poled in opposite directions, their
piezoelectric activities reinforce while their pyroelectric ac-
tivities partially cancel.
I. Introduction
Ferroelectric ceramic/polymer composites with var-ious connectivities have attracted considerable re-
search interest [1]–[4] because of their potential in py-
roelectric sensor, ultrasonic transducer, and hydrophone
applications. The 0-3 composites with ferroelectric ce-
ramic powder embedded in a passive polymer matrix are
well developed. Recently, 0-3 composites with ferroelec-
tric polymer matrix also have received increasing atten-
tion [5]–[7]. Polyvinylidene ﬂuoride (PVDF) and vinyli-
dene ﬂuoride-triﬂuoroethylene [P(VDF-TrFE)] copolymer
have high permittivities (εr ≈ 10 − 14) compared to
other polymers such as epoxy (εr ≈ 4), hence previous
work [1]–[4] used PVDF as a high permittivity matrix to
facilitate poling of the embedded ceramic particles. The
matrix is not expected to be piezoelectrically active as
PVDF needs to be mechanically stretched prior to pol-
ing to give piezoelectric activity. However, P(VDF-TrFE)
with triﬂuoroethylene (TrFE) content > 20 mol% crystal-
lizes from the melt or from solution in a polar phase (the β
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phase) and can be polarized without prior stretching. By
using P(VDF-TrFE) as the matrix, both the ceramic phase
and the matrix can be piezoelectrically active. The present
work reports on the pyroelectric and piezoelectric prop-
erties of PZT/P(VDF-TrFE) 0-3 composites as functions
of the ceramic volume fraction and compares the results
with model predictions. Composites with only the ceramic
phase poled, with both phases poled in the same direction
and with both phases poled in opposite directions, have
been studied. Our aim is to identify the contributions of
the individual phases to the overall properties of the com-
posites.
II. Sample Preparation
The P(VDF-TrFE) 70/30 copolymer pellets used in
the present study were supplied by Piezotech (St-Louis,
France). The Curie temperature of the copolymer upon the
ﬁrst heating was Tch = 102◦C and that upon cooling was
Tcc = 62◦C; the melting temperature Tm was 153◦C as de-
termined by using a Perkin Elmer DSC7 diﬀerential scan-
ning calorimeter. A copolymer disk of 12.8 diameter mm
and 0.6 mm thickness was fabricated by a hot pressing
method at 200◦C under a pressure of 10 MPa for 5 min-
utes.
The lead zirconate titanate (PZT) ceramic powder,
PKI502, with particle size of 1–3 µm was supplied by Piezo
Kinetics (Bellefonte, PA). Calcination and sintering were
carried out before the fabrication of samples. A ceramic
rod of 13 mm diameter and 40 mm length was prepared
by pressing at a pressure of 100 MPa at room tempera-
ture. After binder burnout and sintering, the ceramic rod
was cut into thin disks of 0.5 mm thickness. Some of the
sintered disks were crushed and ground into powder to be
used in subsequent composite fabrication.
In the fabrication of 0-3 composites, P(VDF-TrFE)
copolymer pellets were ﬁrst dissolved in acetone, then an
appropriate amount of the sintered PZT powder was added
to the copolymer solution. This composite solution was
placed in an ultrasonic bath to ensure that the ceramic
powder was distributed evenly in the copolymer solution.
The composite solution then was poured onto a clean glass
plate to allow complete evaporation of the solvent. The re-
sulting ﬁlm, approximately 30 mm × 20 mm in size, has
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a rough top surface. In order to produce smooth samples
with uniform thickness, the composite ﬁlm was cut into
small pieces, which were compression-molded at 220◦C un-
der a pressure of 30 MPa to form a composite rod with 13
mm diameter and 40 mm length. The composite rod then
was cut into disks of about 0.5 mm thickness. The ceramic
volume fraction φ in the composite disks was calculated
using the following equation:
ρ = φρc + (1− φ)ρp (1)
where ρ, ρc and ρp are the densities of the composite,
ceramic, and copolymer, respectively. For electrical mea-
surements, air-dried silver paint electrodes were applied to
both sides of the disk samples.
Because the ceramic particles are dispersed in a dilute
copolymer solution during the fabrication process, the par-
ticles are coated with thin layers of copolymer as veriﬁed
by scanning electron microscope (SEM) observations. Be-
cause the composite samples are quite thick (≈0.5 mm),
the ceramic powder does not form a continuous phase in
the thickness direction even at the highest ceramic volume
fraction (φ ≈ 0.6), i.e., all the samples have 0-3 connectiv-
ity.
III. Permittivity Measurement
The permittivities of the unpoled copolymer, ceramic,
and 0-3 composites were measured as functions of temper-
ature at 1 kHz using a HP4194A impedance analyzer. The
sample under measurement was heated or cooled at a rate
of about 1◦C/minute in a temperature-controlled oven un-
til a given temperature was reached, then it was kept at
that temperature for 30 minutes before the measurement
was made. The permittivities of PZT, P(VDF-TrFE), and
two composites with ceramic volume fractions φ = 0.3 and
0.6 upon heating and cooling are shown as functions of
temperature in Fig. 1. Abrupt changes in the permittivity
occur at diﬀerent temperatures upon heating and cooling
for the copolymer and 0-3 composite samples. The strong
thermal hysteresis eﬀect arises from the ﬁrst order nature
of the Curie transition in the copolymer phase, and this
feature was observed previously in the pure copolymer [8],
[9]. The permittivities of the composites can be understood







= 1− φ (2)
where φ is the ceramic volume fraction of the compos-
ite; and εc, εp, and ε are the permittivities of the ceramic,
copolymer, and composites, respectively. Fig. 2 shows that
the experimental data at 25◦C agree well with the model
prediction.
Fig. 1. Relative permittivity ε of PZT, P(VDF-TrFE), and 0-3 com-
posites with ceramic volume fraction φ = 0.3 and 0.6 as functions of
temperature. The closed and open symbols represent data in heat-
ing and cooling runs, respectively. * = data identical in heating and
cooling runs.
Fig. 2. Relative permittivity ε of PZT/P(VDF-TrFE) 0-3 composites
at 25◦C as a function of ceramic volume fraction. The symbols and
solid line denote experimental data and values calculated according
to the Bruggeman model, respectively.
IV. Electric Field Experienced by the Ceramic
Particle Inside a Composite
For a composite containing a spherical particle of per-
mittivity εc embedded in a continuous medium of permit-
tivity ε, the local ﬁeld experienced by the ceramic particle





where Eo is the applied electric ﬁeld. Therefore, the electric
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Fig. 3. Local ﬁeld coeﬃcient Ec/Eo as a function of temperature. (a)
φ = 0.1, 0.3, and 0.5; (b) φ = 0.2, 0.4, and 0.6. The closed and open
symbols represent data in heating and cooling runs, respectively.
The measured ε and εc are used to calculate LE as a func-
tion of temperature (Fig. 3). LE varies from less than 0.1
to more than 0.5, depending on φ and on whether the sam-
ple is being heated or cooled. For a given φ, LE is higher
upon cooling. Because the coercive ﬁeld of the PKI502 ce-
ramic is less than 1 kV/mm at 70◦C and the applied ﬁeld
Eo is above 30 kV/mm, the ﬁeld Ec (3 to 15 kV/mm) ex-
perienced by the ceramic phase should be high enough to
polarize the PZT ceramic particles inside the composites.
V. Stepwise Poling
To impart piezoelectric activity to the samples, they
were subjected to a poling process to orient the dipoles
in the ceramic and the copolymer phases. In the present
study, three groups of samples were poled in an oil bath.
In group 1, only the ceramic phase is poled. In group 2,
both phases are poled in the same direction. In group 3,
the two phases are poled in opposite directions. The poling
procedure is as follows:
1. The composite is heated to 120◦C (above Tch) then
cooled naturally to 70◦C to obtain a higher LE
(see Fig. 3). A stepwise poling procedure (described
later) is used to maximize the applied ﬁeld at 70◦C.
The poling electric ﬁeld is switched oﬀ before cool-
ing. As the copolymer is in a paraelectric state when
the ﬁeld is applied, only the ceramic phase has been
polarized. The copolymer transforms into an unpoled
ferroelectric phase when cooling through Tcc to room
temperature without an applied ﬁeld.
2. After the ceramic phase has been polarized by the
stepwise poling procedure at 70◦C, the sample is
cooled through Tcc to room temperature with the ﬁeld
applied. By this procedure the copolymer phase is po-
larized in the same direction as that of the ceramic
phase.
3. In order to polarize the ceramic phase in a direction
opposite to that of the copolymer, samples that have
been polarized by step (2) are reheated to 50◦C, then
a poling ﬁeld of 10 kV/mm is applied in the reverse
direction for half an hour. The sample then was cooled
to room temperature with the reverse poling ﬁeld kept
on.
In the stepwise poling procedure, the applied electric
ﬁeld was increased from 0 to E1 and kept at E1 for 4
minutes. The ﬁeld was switched oﬀ and the sample was
short circuited for about 4 minutes. The applied ﬁeld was
increased after the short-circuit step, and the above proce-
dure was repeated until it was close to the breakdown ﬁeld
of the sample. The current ﬂowing through the sample was
monitored. If the current remained below 20 µA, it was a
good indication that the ﬁeld can be increased further.
The maximum ﬁeld we have been able to apply to some
samples using the stepwise process is 70 kV/mm. Hence,
with this stepwise process, high poling ﬁelds could be ap-
plied to samples, and the risk of electric breakdown could
be reduced. This may result from the short-circuit pe-
riod during which the mechanical stress and the injected
charges were partially relaxed, thereby leading to a more
homogeneous electric ﬁeld distribution. Limiting the cur-
rent ﬂow during poling to less than 20 µA has greatly re-
duced the risk of sample breakdown. After the maximum
allowable ﬁeld Eo has been reached, the ﬁeld is held for
2 hours, then procedures 1, 2, and 3 are used to produce
three groups of samples with diﬀerent characteristics.
The intensities I(002) and I(200) of the (002) and (200)
peaks in the X-ray diﬀraction pattern are used to evaluate
the degree of poling of the PZT ceramic in the composites.










where I ′(002) and I
′
(200) are the intensities of the (002) and
(200) X-ray diﬀraction peaks associated with the ceramic
after poling, and I(002) and I(200) are the intensities before
poling. The αc values for the three groups of samples are
given in Tables I, II, and III. These values indicate that the
ceramic particles inside the composites are not fully polar-
ized. Attempts have been made to repolarize the sample,
but αc still cannot be improved signiﬁcantly.
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TABLE I
Properties of Unpolarized Copolymer, Polarized Ceramic,
and 0-3 Composites with Only the Ceramic Phase Polarized.1
Before After
ρ Eo poling poling p Fp d33
φ g/cm3 kV/mm ε ε µC/m2K µC/m2K pC/N α3c
0 1.91 – 11.2 – 0 0 0 –
0.1 2.49 33.5 16.4 15.0 1.3 0.09 10 0.64
0.2 3.02 33.0 23.6 21.8 3.4 0.16 12 0.58
0.3 3.57 32.0 34.0 31.2 6.5 0.21 15 0.51
0.4 4.08 32.0 48.8 45.0 12.6 0.28 20 0.56
0.5 4.71 30.5 80.0 73.4 20.4 0.28 26 0.51
0.6 5.24 30.0 136.6 124.2 36.0 0.29 32 0.49
1.0 7.48 5.0 1220 1116 533 0.45 410 0.74
1The ceramic volume fraction φ, density ρ, poling ﬁeld Eo, relative permittivity ε, py-
roelectric coeﬃcient p, pyroelectric ﬁgure of merit Fp(=| p | /ε), piezoelectric coeﬃcient
d33, and poling ratio αc are shown.
2All properties and coeﬃcients are measured at 25◦C.
3The αc values are calculated according to (5).
TABLE II
Properties of Polarized Copolymer and Ceramic, and 0-3 Composites with
both the Ceramic and Copolymer Phases Polarized in the Same Direction.1
Before After
Eo poling poling p Fp d33
φ kV/mm ε ε µC/m2K µC/m2K pC/N α3c α4p
0 40.0 11.2 9.5 25.7 2.71 −37 – 1
0.1 52.0 16.4 12.7 17.7 1.39 −32 0.68 0.71
0.2 70.0 23.6 18.4 20.2 1.10 −31 0.70 0.79
0.3 51.0 34.0 28.6 22.1 0.77 −21 0.64 0.77
0.4 48.0 48.8 42.2 27.4 0.65 −10 0.61 0.80
0.5 42.0 80.0 69.2 33.1 0.48 21 0.56 0.47
0.6 37.0 136.6 121.4 49.9 0.41 32 0.57 −0.36
1.0 5.0 1220 1116 533 0.48 410 0.74 –
1The ceramic volume fraction φ, poling ﬁeld Eo, relative permittivity ε, pyroelectric
coeﬃcient p, pyroelectric ﬁgure of merit Fp(=| p | /ε), piezoelectric coeﬃcient d33 and
poling ratios αc, αp are shown.
2All properties and coeﬃcients are measured at 25◦C.
3The αc values are calculated according to (5).
4The αp values are calculated according to (8).
TABLE III
Properties of Polarized Copolymer and Ceramic, and 0-3 Composites with
both the Ceramic and Copolymer Phases Polarized in Opposite Directions.1
Before After
Eo poling poling p Fp d33
φ kV/mm ε ε µC/m2K µC/m2K pC/N α3c α4p
0 40.0 11.2 9.5 −25.7 2.71 37 – 1.0
0.1 48.0 16.4 12.3 −15.1 1.23 32 0.61 0.70
0.2 40.0 23.6 18.0 −13.4 0.74 28 0.64 0.83
0.3 34.0 34.0 27.6 −9.1 0.33 20 0.52 0.88
0.4 36.0 48.8 42.8 −2.2 0.05 27 0.44 0.85
0.5 32.0 80.0 70.2 7.7 0.11 21 0.53 1.40
0.6 32.0 136.6 124.2 22.2 0.18 42 0.49 2.32
1.0 5.0 1220 1116 533 0.48 410 0.74 –
1The ceramic volume fraction φ, poling ﬁeld Eo, relative permittivity ε, pyroelectric
coeﬃcient p, pyroelectric ﬁgure of merit Fp(=| p | /ε), piezoelectric coeﬃcient d33 and
poling ratios αc, αp are shown.
2All properties and coeﬃcients are measured at 25◦C.
3The αc values are calculated according to (5).
4The αp values are calculated according to (9).
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VI. Pyroelectric Coefficients
The pyroelectric coeﬃcient p of the sample under con-
stant ﬁeld and constant stress is determined from the
change of the total charge ∆Q at the electrode due to









where A is the area of the electrode. In the present study,
p was measured using the digital integration method [14].
Prior to measurement, the poled samples were annealed
in a short-circuit condition for 12 hours at a temperature
(70◦C) above the highest temperature used in the mea-
surement. This eliminates the contribution of thermally
stimulated current in subsequent measurements.
The pyroelectric coeﬃcients p of the annealed samples
were measured by heating at a rate of about 1◦C/min from
25◦C to 45◦C, and the values of p and the pyroelectric
ﬁgure of merit Fp(=| p | /ε) are given in Tables I, II, and
III. Among the three groups, the group 2 composites have
the highest ﬁgure of merit.
The pyroelectric coeﬃcients for the three groups of com-
posites at 25◦C are shown as functions of φ in Fig. 4. For
group 1 composites (with only the ceramic phase poled),
p increases monotonically from 0 to 36 µC/m2K as φ in-
creases from 0 to 0.6, simply reﬂecting the contribution of
the polarized ceramic phase. For group 2 composites (with
both phases poled in parallel directions), p ﬁrst decreases
slightly and then increases signiﬁcantly with increasing φ.
The composites at φ < 0.4 have smaller p values than that
of the copolymer because ceramic particles of the same
volume fraction as the copolymer phase give a smaller con-
tribution. The contribution of the ceramic phase becomes
increasingly important at higher φ and, at φ = 0.6, p is
higher than that of the copolymer by a factor of 2. For
group 3 composites (with the two phases poled in antipar-
allel directions), the pyroelectric activity in the copolymer
phase is increasingly compensated by the pyroelectric ac-
tivity in the ceramic phase as φ increases. At φ ∼= 0.4 the
pyroelectric coeﬃcient changes sign; at higher φ, p has a
positive sign, indicating that the contribution of the ce-
ramic phase is now dominant.
For the group 1 composites, if we make the reasonable
assumption that p is proportional to the ceramic poling
ratio αc, the local ﬁeld coeﬃcient LE (4) and the ceramic
volume fraction φ, then [13]
p = αcφLEpc (7)
where pc is the pyroelectric coeﬃcient of PZT at full pol-
ing. It is seen from Fig. 4 that there is reasonably good
agreement between experimental data and theoretical pre-
dictions. However, at φ > 0.4, the calculated values are
higher than the experimental data, implying that this sim-
ple linear mixture rule is not valid at high φ. For group 2
and group 3 samples, p also contains the contribution of
Fig. 4. Pyroelectric coeﬃcient p of composites at 25◦C as a function
of ceramic volume fraction φ. O = Data for group 1 samples (with
only the ceramic phase poled). The symbols denote data, and the
solid line denotes theoretical values calculated according to (7). ∆ =
Data for group 2 samples (with the ceramic and copolymer phases
poled in the same direction). ∇ = Data for group 3 samples (with
the ceramic and copolymer phases poled in opposite directions).
the copolymer phase, so for group 2 samples
p = αcφLEpc + αp(1− φ)pp (8)
and for group 3 samples
p = αcφLEpc − αp(1− φ)pp (9)
where αp and pp represent the poling ratio and the pyro-
electric coeﬃcient at full poling of the copolymer phase,
respectively. Assuming that the pure copolymer sample is
fully poled (αp = 1) and pp = 25.7 µC/m2, αp for the com-
posites are calculated and given in Tables II and III. For
φ = 0.1− 0.4, αp varies from 0.70 to 0.88, indicating that
the copolymer matrix is not fully poled. At φ > 0.5, the
calculated αp values are unreasonable (being negative or
higher than 1), showing again that the simple linear mix-
ture rule is not valid at such high ceramic volume fraction.
VII. Piezoelectric Coefficients
The piezoelectric charge coeﬃcient d33 (strain/electric
ﬁeld at constant stress or charge density/stress at constant
electric ﬁeld) was measured at 60 Hz using a Pennebaker
model 8000 piezo d33 tester (American Piezo-Ceramics,
Inc., Mackeyville, PA). As seen from Fig. 5, group 1 and 3
composites have positive d33 values, and group 2 compos-
ites have negative d33 values up to φ = 0.4 and positive
values at higher φ. The explanation for the φ dependence
and sign of d33 is similar to those for p once we recog-
nize that the piezoelectric coeﬃcients of the ceramic and
copolymer phases have opposite signs. The observed d33
values at φ < 0.5 are compared with those calculated ac-
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Fig. 5. Piezoelectric coeﬃcient d33 of composites at 25◦C as a func-
tion of ceramic volume fraction φ. The symbols and solid lines de-
note data and theoretical values calculated according to (10)–(12),
respectively. O = Data for group 1 samples (with only the ceramic
phase poled). ∆ = Data for group 2 samples (with the ceramic and
copolymer phases poled in the same direction). ∇ = Data for group
3 samples (with the ceramic and copolymer phases poled in opposite
directions).
cording to the following modiﬁed linear mixture rules:
d33 = αcφLEd33c (group 1) (10)
d33 = αcφLEd33c − αp(1− φ)d33p (group 2) (11)
d33 = αcφLEd33c + αp(1− φ)d33p (group 3) (12)
where the αp values used in the calculation were estimated
from the pyroelectric data and shown in Tables II and III.
It is noted that the negative sign in the second term of (11)
and the positive sign in the second term of (12) result
from the fact that the piezoelectric coeﬃcients of the ce-
ramic and copolymer phases have opposite signs [15]. Fig. 5
shows that (10)–(12) can correctly predict the trends, al-
though the agreement between theory and experiment is
only fair.
VIII. Polarization in 0-3 Composites
The laser-induced pressure pulse (LIPP) method [16]–
[18] for studying polarization distribution is well es-
tablished. The experimental setup was described previ-
ously [18]. The measurements are performed using a Quan-
tel Nd:YAG laser, which emits pulses of energy 50 mJ and
width 7 ns at a wavelength of 532 nm. The laser beam
of 8 mm diameter impinges on the surface of a composite
sample enclosed in an electrically shielded sample holder.
It is absorbed by a black target painted on the electrode
(air-dried silver paint) using a black marker pen. Due to
ablation and localized heating, a pressure pulse that prop-
agates along the z axis (sample thickness direction) at
the velocity of sound v is generated. For short pressure
pulses, the voltage (into a 50 Ω load) measured during
the penetration of the pulse into the sample or its exit
is proportional to the piezoelectric coeﬃcient e33 (deﬁned
Fig. 6. LIPP signal during the propagation of a pressure pulse in (top)
a P(VDF-TrFE) sample and (bottom) a PZT sample. The pressure
pulse enters the sample at t = 0 and leaves the sample at t = T.
as stress/electric ﬁeld at constant strain or charge den-
sity/strain at constant electric ﬁeld) near the sample sur-
face [16].
Figs. 6 and 7 show the voltages produced when the
pressure wave enters the samples from the anode (the
side connected to positive voltage during ceramic poling).
The piezoelectric coeﬃcient e33 of the PZT ceramic and
P(VDF-TrFE) copolymer have opposite signs, hence the
LIPP signals from the two samples have opposite polarities
(Fig. 6). For group 1 samples, in which the piezoelectric ac-
tivity arises only from the ceramic phase, the voltage gen-
erated has the same polarity as that of the PZT ceramic.
For group 2 samples, the copolymer phase also contributes
to the piezoelectric activity. Between for φ ≤ 0.4, the LIPP
signals have the same polarity as the copolymer (Fig. 7).
For φ > 0.4, however, the contribution of the ceramic over-
compensates that of the copolymer, hence the LIPP sig-
nals have the same polarity as that of the ceramic. Like
the group 2 samples, the copolymer phase in the group 3
samples also contributes to the piezoelectric activity, but
the piezoelectric activities of both phases reinforce so that
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Fig. 7. LIPP signal during the propagation of a pressure pulse in group 2 composite samples with various φ. The pressure pulse enters the
sample at t = 0 and leaves the sample at t = T. (a) φ = 0.2, (b) φ = 0.4, (c) φ = 0.5, (d) φ = 0.6.
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all the LIPP signals have the same polarity as that of the
ceramic (not shown).
IX. Conclusions
In the present study, the PZT ceramic particles and
the P(VDF-TrFE) matrix in the composite are both fer-
roelectric. In order to estimate the contribution from each
phase, 0-3 composites were fabricated with only the ce-
ramic phase poled or with the two phases poled in the
same direction or in opposite directions. For the compos-
ites with both phases poled in the same direction, the py-
roelectric activities of the two phases reinforce. Because
the piezoelectric coeﬃcients of the ceramic and copolymer
phases have opposite signs, the piezoelectric activities of
the two phases in these composites partially cancel. Conse-
quently, at φ ≈ 0.45, the composite is pyroelectric but not
piezoelectric. This material may be useful as pyroelectric
sensors in situations in which the vibration induced elec-
trical noise needs to be reduced. However, the piezoelectric
activities of the two phases reinforce while the pyroelectric
activities partially cancel when the two phases are poled in
opposite directions. This results in a composite (φ ≈ 0.45),
which is piezoelectric but not pyroelectric.
The results in the present work show that the ceramic
and copolymer phases are not fully poled. We are now at-
tempting to optimize the poling conditions and to under-
stand the underlying mechanisms behind the poling pro-
cess.
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